ABSTRACT: This study documents for the first time tidal bundling in a lower Paleozoic sheet sandstone from the cratonic interior of North America, providing insights into the hydrodynamics of ancient epicontinental seas. The Jordan Sandstone (Upper Cambrian) in the Upper Mississippi Valley contains large-scale planar tabular cross-sets with tidal-bundle sequences, which were analyzed in detail at an exceptional exposure. Tidal-bundle sequences (neap-spring-neap cycles) were delineated by foreset thickening-thinning patterns and composite shale drapes, the latter of which represent accumulations of mud during the neap tides of neap-spring-neap tidal cycles. Fourier analysis of the bundle thickness data from the 26 measurable bundle sequences revealed cycles ranging from 15 to 34 bundles per sequence, which suggests a semidiurnal or mixed tidal system along this part of the Late Cambrian shoreline.
INTRODUCTION
The hydrodynamics of ancient epicontinental (literally, on top of the continent) seas are poorly known, in part because of the lack of suitable modern analogues for such vast, low-gradient, flooded areas. The classic lower Paleozoic ''sheet sandstones'' of North America are the prototypical examples of nearshore deposits in epicontinental seas and have long vexed sedimentologists. Extreme textural and mineralogical maturities and vast geographic extents are among the significant obstacles to the interpretation * Present address: Department of Earth Sciences, Oxford University, Parks Road, Oxford, OX1 3PR, U.K. of these units. Interpretations of sheet sandstones in the literature have tended to be conflicting and speculative. Early scrutiny of these units spawned a model of epeiric (synonymous with epicontinental) sedimentation dominated by wave action and devoid of tides (e.g., Irwin 1965 ) that is still reproduced in modern textbooks (e.g., Boggs 2001) . Irwin (1965) proposed that inboard shorelines of these exceptionally broad seas were tideless because of frictional damping of the tidal wave (Friedman and Sanders 1978; Hallam 1981) , and there remains a widely held conception that tidal currents were insignificant in the transport of sand here (e.g., Johnson and Baldwin 1996, p. 271-272) . In contrast, Klein (1982) suggested that tidal currents were an integral part of epeiric-sea processes, dominating deposition of lower Paleozoic strata regionally across the cratonic interior during the culmination of major transgressions. The support for regionally significant tidal currents in the model proposed by Klein (1982) , however, was based on a peritidal misinterpretation for a widespread facies that is now considered to be dominated by hummocky crossstrata and deposited on a wave-dominated offshore shelf (Dott and Bourgeois 1982; Runkel 1994; Hughes and Hesselbo 1997; Mahoney et al. 1997; Runkel et al. 1999) . More recent studies of lower Paleozoic cratonic sandstones have only tentatively attributed rare features to the action of tides-for example, local occurrences of shale drapes, reactivation surfaces, flaser bedding, herringbone cross-strata, and cracked shale (Driese et al. 1981; Dott et al. 1986; Terwindt 1988; Haddox and Dott 1990; Runkel 1994; Byers and Dott 1995) . These features are no longer considered to be by themselves diagnostic of tidal activity (Nio and Yang 1991b) . Myrow (1998) described large-scale features that he interpreted as representing tidal sand waves in the Cambrian Sawatch Quartzite; this deposit, however, is known from a single area of the ancient North American craton in Colorado. No studies of Cambrian or Ordovician cratonic sheet sandstones from the continental interior offer compelling evidence for significant tidal activity by documenting tidal bundling in a facies that is regionally extensive.
The prevailing view that cratonic sandstones of the Sauk and Tippecanoe sequences (Sloss 1963 (Sloss , 1988 Bunker et al. 1988) are significantly different in origin from younger deposits stems not only from their sheet geometry, but to a large degree from a paucity of reported facies in lower Paleozoic successions of the cratonic interior that could confidently be attributed to tides. By contrast, wave-generated facies in these successions are well documented, and this has imparted a bias in the literature (Dott and Bourgeois 1982; Runkel 1994; Byers and Dott 1995; Runkel et al. 1999) . The historical lack of recognition of tidal facies in mid-continent Cambrian and Ordovician sheet sandstones stands in marked contrast to work on younger, nearshore epicontinental deposits. Most notable of these are later Paleozoic and Mesozoic strata, in which tidalites (i.e., units displaying tidal bundles or tidal rhythmites) are reported to be plentiful and widespread. Examples include Carboniferous strata in regions just inboard of the AppalachianOuachita belt (Heckel 1986; Kvale et al. 1989; Brown et al. 1990; Archer et al. 1995; Miller and Eriksson 1997) and strata deposited in the vast epicontinental Cretaceous Interior seaway of western North America (McCrory and Walker 1986; Mellere and Steel 1995; Willis and Gabel 2001) .
In this study, we apply criteria diagnostic of sustained tidal current ac-
Generalized large-scale facies map of Cambrian North America (Laurentia). Traditional facies belts and paleogeography after Aitken (1966) , Lochman-Balk (1971) , and Dott and Batten (1981) as a relatively thin, widespread sheet with a lower interval composed of facies deposited below fair-weather wave base, and an upper interval composed of facies deposited above fair-weather wave base. The heterolithic facies association occurs within the upper Jordan-St. Lawrence succession and is demonstrated here to have a tidal signature. The St. Lawrence-Jordan sheet is internally composed of seaward-shingled parasequences deposited during a prolonged relative fall in sea level. Individual parasequences are bounded by ravinement surfaces that developed during relatively minor episodes of landward retreat. The Jordan Sandstone is capped by a regional sequence boundary that everywhere separates it from overlying mixed carbonate-siliciclastic units deposited during continental transgression in the Ordovician.
tivity (Nio and Yang 1991b) -notably, measured periodicities in foreset thickness patterns attributable to neap-spring-neap tidal cycles-to a prevalent facies in the Sunwaptan-age Jordan Sandstone of the Upper Mississippi Valley, U.S.A. The results demonstrate for the first time that tidal processes were important in the deposition of a sheet sandstone in the far interior of the craton. Our investigation also improves our facies-level understanding of the genesis of sheet sandstones, i.e., the discrimination of tidal versus wave-dominated processes, and of the larger-scale stratigraphic and paleogeomorphic controls on these processes.
SEDIMENTOLOGIC AND STRATIGRAPHIC CONTEXT
Cambrian strata in the Upper Mississippi Valley (UMV) (Fig. 1) were deposited largely on a texturally graded, siliciclastic-dominated shelf (Runkel 1994; Byers and Dott 1995; Runkel et al. 1999) . The Sunwaptan-age St. Lawrence and Jordan formations together constitute a classic example of deposits that accumulated in such a setting during a relative fall in sea level (Fig. 2) . The upper St. Lawrence Formation and the lower Jordan Sandstone are composed largely of very fine-to fine-grained, locally shaly, FIG. 3.-Generalized stratigraphic column of the Jordan Sandstone in southeastern Minnesota (after Runkel et al. 1999). silty and/or calcareous sandstone dominated by hummocky and swaly cross-strata (Fig. 3) . These strata were deposited below fair-weather wave base, largely under the influence of combined-flow currents during storms (Runkel 1994; Byers and Dott 1995; Hughes and Hesselbo 1997; Runkel 2000) . The upper Jordan Sandstone is composed chiefly of fine-to coarsegrained sandstone dominated by dune-scale, high-angle cross-stratification, and is markedly more complex and variable compared to the underlying strata (Fig. 3) . The upper Jordan Sandstone was deposited above fair-weather wave base, as evidenced by the deposits of dunes and, locally, beach swash. Detailed facies descriptions of the St. Lawrence-Jordan succession in the UMV are given by Runkel (1994) , Byers and Dott (1995) , and Hughes and Hesselbo (1997) .
Recent studies have shown that the St. Lawrence and Jordan formations together constitute a regressive succession (Fig. 2) (Runkel 1994; Runkel et al. 1999; Hughes and Hesselbo 1997; Runkel 2000) . Regression and/or progradation was interrupted repeatedly by relatively minor episodes of shoreface retreat that are expressed as ravinement surfaces associated with landward shifts in lithofacies (Runkel 1994; Hughes and Hesselbo 1997) . At a larger scale, these ravinements and associated shifts in facies define seaward-shingled parasequences displaying hundreds of kilometers of offlap across a maximum flooding surface developed on the underlying Franconia Formation (Runkel 1994; Hughes and Hesselbo 1997; Runkel et al. 1999; Runkel 2000) . Offlap spanned at least seven Late Cambrian and Early Ordovician conodont zones; the most landward parasequences are at least as old as Proconodontus muelleri in age, the most seaward are Hirsutodontus simplex or younger in age (Runkel et al. 1999; J.F. Miller, unpub- lished conodont identifications). The relatively thin but widespread St. Lawrence-Jordan sheet that covers much of the UMV is capped by a regional sequence boundary that separates it from overlying mixed carbonates-siliciclastics that were deposited during continental transgression in the Early Ordovician (Runkel 1994; Runkel et al. 1999; Smith et al. 1996) .
This research focuses on the sedimentologic attributes of the upper Jordan Sandstone (Fig. 3) . We have significantly refined previous work that discriminated two general facies associations for these strata in southeastern Minnesota and Wisconsin (Runkel 1994; Byers and Dott 1995; Runkel 2000) : (1) a trough cross-stratified association that contains relatively little shale, and (2) a heterolithic association dominated by tabular sets of crossstrata, but with a substantial component of shale, and containing a diverse suite of sedimentary structures.
The trough cross-stratified facies association of the upper Jordan is characterized by fine-to coarse-grained sandstone bodies dominated by sets of trough cross-strata 10-40 cm thick, subordinate tabular to wedge sets of tangential cross-strata and, more rarely, horizontal to low-angle, planarlaminated sandstone; symmetrical ripples and Skolithos burrows are common. Runkel (1994) and Byers and Dott (1995) ascribe deposition of this facies association to wave-dominated, middle to upper shoreface and foreshore environments. The trough cross-strata that dominate this association are interpreted to record migration of 3D dunes; planar-laminated sandstone is interpreted as beach swash lamination.
The heterolithic facies association is characterized by meter-scale cosets that are internally composed of thin to thick, tabular to wedge-shaped sets of tangential to angular cross-strata in medium-to coarse-grained sandstone. Foresets in adjacent tabular to wedge-shaped sets may show opposing dip directions. Thin (Ͻ 10 cm) shale beds, laminae, and intraclasts are common locally. Both symmetric and asymmetric ripples are common in the finer sand fraction. This facies association is attributed by Runkel (1994) and Byers and Dott (1995) to deposition at, or adjacent to, the Late Cambrian shoreline, possibly as part of sand waves, deltas, or complex bars. These workers tentatively suggested that the sedimentologic attributes of this facies association were more indicative of tidal currents than of wave activity.
METER-SCALE CROSS-STRATA OF THE HETEROLITHIC FACIES

ASSOCIATION
Description
The focus of this study is an exceptional exposure of the heterolithic facies association (Figs. 3, 4 ). Bundles were measured in a cross-set that averages 0.9 m thick and is exposed for approximately 100 m laterally (lateral terminations of the set are not exposed) (Fig. 4) . A small area of poor exposure separates the cross-set into a Left Section (18.0 m long) and a Right Section (13.5 m long). After cleaning the outcrop, we measured the thickness of the foresets in a direction normal to the foreset dip, at a height midway between the lower and upper bounding surfaces of the cross-set. We designated foresets of zero thickness as those which were present at lower heights of the cross-set but absent at the measuring height.
The heterolithic facies association here is 12 m thick. The measured set is the uppermost of three that compose a coset; overlying cross-sets are similar to the set of interest although their foresets dip in the opposite direction (north). The upper boundary of the heterolithic facies association at this exposure corresponds to the pebbly sandstone that marks a regional sequence boundary capping the Jordan Sandstone across the UMV (Runkel 1994; Runkel et al. 1999) (Figs. 2, 3) ; the lower boundary is a sharp, irregular surface with a minimum 0.8 m of relief. This lower surface is interpreted as a ravinement surface and truncates trough to transitional swaly-trough cross-strata (cf. Datta et al. 1999 ) deposited in a middle to upper shoreface environment.
The cross-set of interest is a medium-to coarse-grained quartz arenite that locally contains a significant fraction of clay-to silt-size sediment. Foresets range in thickness from a few millimeters to 7.3 cm, and have an average true dip of 25Њ to the south (about 170Њ). The mean thickness of the 526 measured foresets from the Right Section and Left Section is 1.9 Ϯ 1.2 cm. Thickness of foresets varies across the length of the exposure:
foresets of similar thickness are bunched together, lending a repeated thickening-thinning pattern along the length of the set. Many of the thicker foresets show pronounced normal grading, and some have diffuse internal laminae (Fig. 5 ). Small (a few millimeters thick, Ͻ 2 cm in length) shale intraclasts are common in the bottomsets or lower reaches of relatively FIG. 6 .-Photograph of a composite shale drape consisting of up to six, mm-thick shale layers alternating with millimeter-thick sandstone layers (ruler increment ϭ 1 cm). Burrows (arrows) are associated with composite shale drapes, which might suggest a relatively long period (a few days) of quiet water, such as during the neap tides, that allowed infauna to colonize the dune. thick foresets. Reactivation surfaces with observable discordance are rare and limited to the upper part of the cross-set.
Shale drapes are common on foresets. Drapes merge at the toe of the set to form a shale bed 1 to 14 cm thick. The abundance and thickness of shale drapes vary across the set and show an inverse relationship to foreset thickness: drapes are rare and thin in intervals of thick foresets, and abundant and thick in intervals of thin foresets. In particular, fewer than 5% of foresets Ͼ 3 cm thick are draped, and more than half of foresets Ͻ 1 cm thick are draped. Where the thinnest (ϳ 1 mm) sandstone foresets occur, there is a clustering of shale drapes, and we refer to these closely-spaced drapes as ''composite drapes'' (Fig. 6) . Drapes rarely extend to the upper bounding surface of the cross-set.
Reverse-dipping (northward or paleo-landward), centimeter-scale crossstrata are present in the cross-set. Some of these ripple cross-strata are present along the bottomsets of the large-scale cross-set and are interbedded with composite shale drapes (Fig. 7) , whereas others occur along the lower reaches of the foresets (Fig. 8) . The latter lack shale and differ only in grain size and/or packing from the large-scale cross-bedding that encases them.
Burrows are locally abundant ( Fig. 6 ) and include Arenicolites, Diplocraterion, Chondrites, Skolithos, and a possible Monocraterion. Arenicolites and Diplocraterion have subtle but discernible linings of finer-grained material, and are filled by a ferruginous-dolomitic mudstone to siltstone. Burrows are most abundant in intervals of relatively thin foresets and abun-FIG. 8.-A) Photograph of cross-bedding (gray area in line sketch) defined by small-scale, reverse-dipping cross-strata on the lower slipface of ebb current dunes. We interpret this crossbedding to be the result of migration of ripples up the slipface of the large dunes in response to back-eddy currents from flow separation during the peak ebb-current stage (see Fig. 11 , Stage 1). Note the well-defined foresets in the large-scale cross-set and the shale rip-up clasts accentuating some the foresets within both the flow-separation ripple cross-strata and the large-scale crossstrata. Ruler is situated within a composite shale drape (increment ϭ 1 cm). B) Line sketch of photograph. dant shale drapes (i.e., composite shale drapes), and penetrate downward from foreset surfaces (Fig. 6 ). In contrast, burrows are sparse in intervals of relatively thick foresets and are dominated by Chondrites.
General Interpretation
The 100-m-long cross-set of interest records the migration of a largescale, subaqueous dune (cf. Ashley 1990) . From the inferred trend of the paleoshoreline (Runkel 1994; Byers and Dott 1995) , the dominant paleoflow direction (southward) is offshore. We attribute the conspicuous normal grading and vague internal laminae in many foresets to fallout of suspended sand during unsteady flow conditions. Each shale drape indicates still water conditions and settling of suspended fines; composite shale drapes thus record repeated episodes of quiescence. Reactivation surfaces may indicate unsteady to possibly reverse flow or truncation by wave action. Unsteady and reversing flow conditions and quiescent periods are characteristic of, but not exclusive to, tidal environments (Dalrymple and Rhodes 1995) .
Tidal Interpretation
Qualitatively, patterns of increasing and decreasing foreset thickness and the distribution and configuration of shale drapes are suggestive of neapspring-neap tidal cycles in sedimentation (Visser 1980; Boersma and Terwindt 1981) . Quantitatively, Fourier analyses of sedimentary laminae thickness data have been used to demonstrate tidal influence on sedimentation (e.g., Kvale et al. 1999 ). Below, a comparative treatment of the cross-set is followed by a Fourier analysis of the foreset thickness data.
Comparative Analysis of Foresets and Sedimentary Structures.-A histogram of foreset thicknesses (Fig. 9A) resembles the neap-spring-neap tidal rhythms reported in other studies of ancient and pre-modern tidal dunes (e.g., Visser 1980; Allen and Homewood 1984; Driese 1987) . The composite drapes record repeated slack-water periods and are associated with the thinnest foresets in the cross-strata set (Fig. 9A) . This suggests that they may represent deposition during neap tides, when tidal currents were at their most sluggish (minimum sand transport, maximum mud de- position and preservation). Thicker foresets with little to no shale represent deposition during spring tides, when currents were most vigorous. Under this interpretation, a foreset (or foreset-drape couplet where shale is present) is a tidal bundle, i.e., the sediment deposited during the dominant current stage of an ebb-flood cycle. The interval between two successive composite drapes is a tidal-bundle sequence, i.e., the amount of sediment deposited during one neap-spring-neap cycle (Fig. 10) . The 3-cm-thick composite shale drape shown in Figure 6 represents a relatively long period of time (several days) in relatively sluggish waters. In contrast, a single 7-cm-thick individual foreset (Fig. 5 ) represents deposition during a single ebb-flood cycle (about 12 or 24 hours) during spring tides, when current velocities sufficient to transport medium to coarse sand were sustained for longer periods of time.
We attribute the relatively thick, normally graded foresets (Fig. 5 ) to sand fallout during the deceleration stage of the ebb current. The absence of sediment representative of ebb acceleration suggests that deposition on foresets was initiated only during or near peak flow conditions and continued during subsequent deceleration. Mud draping the dune at the start of the ebb-flood cycle may also have inhibited acceleration-phase sand erosion. We interpret the diffuse, thin, internal laminae within the graded foresets to be the results of avalanches and/or minor pulses of unsteady flow that accompanied sand fallout during the deceleration stage of the ebb current.
Large dune fields, especially those in tidal regimes, are under the influence of complex currents. Some of the centimeter-scale cross-strata with landward (northward) paleoflow in the set of interest are similar to flood current ripples documented by Fenies et al. (1999, fig. 7 ), who studied modern tidal deposition in the Gironde estuary of France (Fig. 7) . Others, such as those in Figure 8 , may be associated with recirculatory flow from flow separation associated with large-scale dunes. Figure 11 shows our interpretation of ripple cross-strata in relation to the migration of the dune.
Trace fossils suggest that burrowing organisms became established during sluggish neap periods, when minimal sand transport allowed colonization of the stagnant slipface of the dune. The association of burrows with neap-tide foreset bundles is not well documented in the literature, and may prove to be a useful criterion for recognition of tidal current activity in other ancient facies that are dominated by shale-poor cross-stratified sandstone.
For the cross-set studied here, ebb currents were markedly dominant over flood currents (e.g., pronounced large-scale ebb-current cross-bedding with minor flood current cross-bedding; rare reactivation surfaces). Overlying cross-sets with foresets dipping northward preserve a record of opposing FIG. 10 .-A) Photograph of a a tidal-bundle sequence. A bundle sequence is recognized as the interval of sandstone between two composite shale drapes (arrows). Fingers span a toeset with a composite shale drape that contains eight millimetric shale laminae with interlayered sandstone. Several of the thicker bundles shown in this sequence are capped by single shale drapes. B) Schematic of a tidal-bundle sequence in the study area. A bundle sequence is the sediment deposited by a migrating dune during one complete neap-spring-neap tidal cycle (about 14 days), whereas a tidal bundle consists of the sediment deposited during a single ebb stage. Relatively thin bundles are deposited during neap tides, relatively thick bundles are deposited during spring tides. Bundle thickness is measured perpendicular to the dip of the foresets along a horizontal guided medial between the upper and lower bounding surfaces. C) Histogram of bundle thickness for the bundle sequence in Part A. Note the thick-thin alteration, which is suggestive of a diurnal inequality. dominant paleoflow direction, reflecting a change in local geomorphology that caused landward (flood)-directed tidal currents to become dominant at this location. Such changes are common in tidally dominated systems (Dalrymple 1992), and their record in the heterolithic facies association of the Jordan Sandstone in the context of larger-scale depositional features is discussed below.
Fourier Analysis of Foreset Thickness Data.-The thickening and thinning pattern of the foresets (tidal bundles) is quantitatively revealed in a spectral analysis of the data (Fig. 9) . We used a discrete Fourier transform function in a Matlab script that effectively slides a window of a specified width across the data set in specified increments. Each snapshot through a window provides a frequency spectrum (Figs. 9D-F ), and the spectra are then stacked and contoured to provide a thorough look at the entire data set (Figs. 9B, C) . In the contour plots, the peaks are normalized to the maximum height of any single peak within the individual spectra. The periods of the peaks with relative spectral power Ͼ 0.5 are labeled.
The contour plot of the Left Section data reveals cycles with periods of 15, 16, 22, 27, 31, and 34 bundles (Fig. 9B) . A typical individual spectrum from the Left Section contains a peak at about 15 bundles and a peak at 27-33 bundles (Fig. 9E) . The right half of the Right Section (window midpoint Ͼ bundle #162) contains a peak at 29 bundles; the left half contains a peak with a period of 110 bundles (Fig. 9C ). No peaks with periods of approximately 2 bundles (f ϭ 0.5), corresponding to a diurnal inequality (de Boer et al. 1989) , were observed in either data set. We also employed the spectral methods of Archer et al. (1995) and did not detect a diurnal-inequality signal. What periods would we expect tidal cycles to have during Cambrian time? Analyses of more continuous tidal rhythmite deposits from lowerenergy, offshore settings have calculated an increase in the length of the synodic month since the Neoproterozoic as approximately one day (Table  1 ; Sonnet and Chan 1998; Williams 2000) . Such paleo-tidal studies support modern laser-ranging measurements that indicate an increasing EarthMoon distance of a few centimeters per year (Dickey et al. 1994) . Thus, in a Cambrian tidal system we would expect approximately 30 or 15 ebb- (Williams 2000) . ** Value G, the period of the Earth's rotation about the Sun, is assumed to be the same during the Neoproterozoic as it is now. Nio and Yang 1991b) . For the mixed systems, this represents a maximum range. ** The tidal character F-value determines the type of tidal system: F ϭ (K 1 ϩ O 1 )/(M 2 ϩ S 2 ), where K 1 and O 1 are diurnal tidal constituents and M 2 and S 2 are semidiurnal constituents (Lisitzin 1974) . (Note that this value is not calculated for the rocks in this study.) flood cycles per fortnight; the corresponding sediment record would be 30 bundles per sequence for a Cambrian semidiurnal system and 15 for a diurnal system (Table 2 ). In a mixed system, which exhibits a diurnal inequality, a range of approximately 15-30 bundles should be expected, because not all of the dominant currents of the ebb-flood cycles would be strong enough to transport sediment and deposit tidal bundles.
The number of bundles per sequence in the cross-set is consistent with the expected approximate range of 15-30 for a Cambrian tidal regime (Fig.  9G) . Because each bundle sequence corresponds to a fortnight, the 26 bundle sequences represent approximately thirteen Cambrian months. The presence of different cycles in the bundle-thickness data (Figs. 9B-F) and different counts of bundles per sequence (Fig. 9G) could be attributed to one or a combination of the following scenarios: (1) a mixed tidal system, (2) the occasional removal of bundles by storm-generated currents, (3) the lack of tidal-bundle deposition during certain neap intervals (bedform does not migrate, because of diminished tidal currents), or (4) error in identifying tidal-bundle boundaries. The first three of these possible scenarios would cause the number of bundles per sequence to be shorter than the number of ebb-flood cycles per fortnight. The bundle sequences (Fig. 9G) and cycles ( Fig. 9B) with Ͼ 30 bundles are probably longer, because of error in defining false tidal-bundle boundaries. The peak at 110 bundles in Figure  9C is poorly resolved, and we disregard it as a forcing tidal cycle.
A spectral peak with a period of about 30 bundles is the predominant tidal cycle in the data set (Fig. 9B, C) . This suggests that the tidal depositional system was predominantly semidiurnal, whereby each day the ebb current (deceleration stage) from each of the two ebb-flood cycles deposited a tidal bundle. Two interpretations of the tidal system are possible: (1) a semidiurnal system with no diurnal inequality, or (2) a semidiurnal-mixed system with a diurnal inequality. For the first case, one could argue that all the bundle sequences with Ͻ 30 bundles (Fig. 9G ) and the cycles with periods Ͻ 30 bundles (Fig. 9B, C) represent truncated semidiurnal cycles. Data analysis of the bundle thickness patterns indicates no diurnal inequality, i.e., no thick-thin-thick pattern in the bundles. Brest, France, is a modern example of a semidiurnal system with no diurnal inequality (Kvale et al. 1999 ). The second case suggests that the abundance of sequences and cycles with Ͻ 15 bundles (Figs. 9B, G) indicate the influence of a diurnal pattern in a semidiurnal-mixed system, where the diurnal inequality was present, but its record in the sediment was, for the most part, obscured by random variation (Nio and Yang 1985) . We favor the second interpretation and note that modern semidiurnal systems typically exhibit a diurnal inequality (Kvale et al. 1999) .
Analyses of modern tides (water level) have provided insight into the relationship between the tidal system and the forcing astronomical cycle Kvale et al. 1999) . One observation is that not all neap-spring-neap cycles are linked with phase changes of the Moon (synodic month). For example, the neap-spring-neap cycle in some diurnal systems is due to declinational changes of the Moon with respect to the Earth (tropical month) (Kvale et al. 1999 ). In our case, the periods of Ͻ 30 bundles per fortnight represent ebb-current deposition in a predominantly semidiurnal system. Thus, the neap-spring-neap cycles in the crossset are indeed linked with the phase change of the moon: spring tides occur when the Earth-Moon-Sun are in syzygy, neap tides during quadrature. Figure 1B ). This location shows meter-scale cosets separated by bounding surfaces inclined seaward (southward) at angles ranging from 5 to 15Њ. B) Close-up of Mankato quarry face showing conspicuous tidal bundling in the heterolithic facies association. C) Outcrop near Rushford, Minnesota (R in Figure 1B ). D) Outcrop near Weaver, Minnesota (W in Figure 1B ).
LARGER-SCALE DEPOSITIONAL CONTEXT OF TIDAL FACIES
The heterolithic facies association can be recognized in a number of outcrops distributed regionally across the UMV (Figs. 1B, 12 ). These occurrences range in age across at least five conodont zones (Runkel et al. 1999; J.F. Miller, unpublished conodont identifications) . Mesoscale stratigraphic relationships in the best preserved and exposed examples of the heterolithic facies association in the UMV have sedimentologic attributes suggestive of deposition during shallowing conditions, and show aggradational to progradational geometries regionally. Cross-strata sets typically display an upward decrease in set thickness and an increase in grain size. Where the heterolithic facies association is not directly capped by the regional Cambrian-Ordovician unconformity, cosets are locally overlain sharply by planar-laminated, medium-to coarse-grained sandstone, which apparently records the establishment of a swash zone (Runkel 1994 ). Crossstrata sets with tidal bundles like those at the outcrop near Homer are also well exposed in a quarry near Mankato, Minnesota (Fig. 12A, B) , where they occur as meter-scale cosets separated by bounding surfaces inclined seaward (southward) at angles ranging from 5 to 15Њ. Similar tidally generated cross-strata cosets arranged in seaward-stepping fashion have been documented in other ancient sandstones and in modern environments, and they have been interpreted variably as the product of deposition in migrating-sand-wave, bar, and delta-front systems (cf. Nio and Yang 1991a, fig. 14; Dalrymple 1992, fig. 18 ; Mellere and Steel 1995; Willis et al. 1999) . Variability in the dominance of ebb versus flood currents, recorded at several exposures of the heterolithic facies association, is common in such systems, and is a response to changes in the geometry of mesoscale accretionary features, as well as to changes in even larger-scale coastline geomorphology (Dalrymple et al. 1990; Morales 1997) .
Facies shown in this study to be tidal in origin invariably rest upon a sharp, irregular surface developed on middle to upper shoreface deposits. Such contacts are ravinement surfaces, previously recognized as a common feature in the Jordan Sandstone in the UMV (Runkel 1994) . The surfaces may be flat or display broad swales with relief of one to two meters. Some surfaces are highly irregular, displaying as much as tens of centimeters of sharp relief developed on underlying sandstone. Associated ichnostructures are dominated by vertical burrows that locally are markedly wider and more deeply penetrating than those of the Skolithos ichnofacies characteristic of Upper Cambrian shoreface lithofacies in the UMV (e.g., Runkel 1994; Byers and Dott 1995) . Surfaces are typically overlain by a poorly sorted, locally burrow-mottled, fine-to coarse-grained sandstone lag containing intraclasts composed of shale, siltstone, and sandstone. Large (tens of centimeters) angular intraclasts composed of fine-to coarse-grained sandstone are locally common, some with recognizable cross-stratification and trace fossils that are absent in the surrounding matrix. The preservation of such large, angular, coarse-grained intraclasts attests to the partial lithification of the shoreface and foreshore deposits that were eroded during ravinement.
Shoreface retreat and ravinement in this succession were first interpreted in the lower interval of the St. Lawrence-Jordan by Runkel (1994;  i.e., his ''transgressive tongues''), however, that study did not explore the relationship between ravinement and facies in the upper Jordan Sandstone, as described here. This study establishes the presence of ravinement surfaces separating wave-generated facies from tidally generated facies, and suggests that episodes of shoreface retreat played an important role in the generation of tidal deposits in this sheet sandstone. That is, tidally dominated deposits filled a ravined topography that was repeatedly developed on the updip parts of the shoreface. Resulting coastal geomorphology, ac- companied perhaps by larger-scale changes in basinal conditions and/or configuration, led to at least local changes in depositional conditions from wave-dominated to tide-dominated. This geomorphology may have been a more irregular shoreline with greater submarine topographic relief when compared to wave-dominated shorelines. The development of such a shoreline produced the coastal geometry and local accommodation space necessary to create and preserve the tidal deposits.
Particularly compelling evidence that upper Jordan Sandstone tidal facies were deposited in protected coastal settings (presumably carved by marine ravinement) is that shale is relatively abundant in this facies for a UMV cratonic sheet sandstone. An alternation along the Cambrian paleocoastline between (1) embayments where tidal deltas and/or sand waves were deposited and (2) stretches of wave-dominated strandline where relatively mud-free wave-generated deposits dominated would explain the spatial and temporal distribution of facies in the upper interval of the Jordan Sandstone across the UMV.
DISCUSSION
The Jordan Sandstone is the most cratonward record of epicontinental sedimentation preserved for Cambrian North America (Lochman-Balk 1971) . Fundamental to the identification of tidal bundles in the Jordan Sandstone were two features that are not common for lower Paleozoic sheet sandstones of this area, and may explain why tidal bundles have not been hitherto recognized. First, exceptional lateral exposure provides the data set required for measurements of tidal periodicities. Secondly, an unusually high shale content for nearshore facies accentuates the foreset thickness pattern and provides a cipher for the distribution of time through the crossset. Recognition of tidal bundling in a sheet sandstone deposited along the far inboard shoreline of the vast early Paleozoic epicontinental sea broadens our understanding of the sedimentary and hydrodynamic processes in epicontinental settings. In particular, the tidal deposits in the Jordan Sandstone provide a much-needed gauge for the relative importance of tides vs. wave action along the Cambrian paleoshoreline.
The tidal facies documented here recur in stratigraphically predictable fashion, and are distributed in sufficient geographic and chronostratigraphic extent (Runkel et al. 1999 ) to have constituted a fundamental component of the St. Lawrence-Jordan depositional system in the UMV. This suggests that inboard early Paleozoic seas may be more comparable to younger nearshore epicontinental seas than commonly characterized. A similar juxtaposition of tidal facies on top of wave-dominated nearshore deposits is increasingly recognized in ancient nearshore marine siliciclastic sections deposited in a variety of settings (e.g., Greb and Archer 1995; Prave et al. 1996; Cross 1998) . Nearshore deposits of the Cretaceous Interior seaway contain wave-and tide-generated facies akin to those in the Jordan Sandstone (e.g., Mellere and Steel 1995; Mellere 1996; Meyer et al. 1999; Bhattacharya and Willis 2001; Seidler and Steel 2001; Willis and Gabel 2001) . As with the Upper Cambrian of the UMV, the recurrence of tidal facies in these Cretaceous strata is typically attributed to the intermittent development of shoreline embayments in which the tidal prism is increased during a flooding event that marks a turnaround from regressive to transgressive conditions (e.g., Seidler and Steel 2001; Mellere 1996) . Although the precise mechanism responsible for the development of such embayments is debated, over the past ten years most sequence stratigraphic analyses of tidal facies have attributed their genesis largely to fluvial incision during lowstands that immediately preceded flooding. The stratigraphic and sedimentologic context of the tidal facies in the Jordan Sandstone instead favors deposition in embayments developed by ravinement processes during flooding, similar to the scenario proposed by Bhattacharya and Willis (2001) for parts of the Upper Cretaceous Frontier Formation in the Powder River basin of Wyoming. During greenhouse times, such as the Late Cambrian and Cretaceous, the shoreface retreat necessary to cause repeated ravinement may have been driven by mechanisms other than glacioeustasy, such as variations in sediment supply, subsidence, or climate.
The most thoroughly studied epicontinental tidal deposits in North America are perhaps the rhythmites of the Carboniferous inboard of the Ouachita-Appalachian belt (e.g., Heckel 1986; Kvale et al. 1989; Kvale and Archer 1990; Martino and Sanderson 1993; Greb and Archer 1995; Tessier et al. 1995; Miller and Eriksson 1997; Kvale et al. 1999) . At our present level of understanding, the Late Cambrian shoreline in the UMV is thought to have had none of the influences believed responsible for the proliferate tidal deposits in the Carboniferous (see review in Archer 1998). These include (1) icehouse glacioeustasy (tens of meters of sea-level fluctuation within the Milankovitch band), (2) densely vegetated tropical coastal plains that, together with high-amplitude glacioeustatic sea-level changes, created a coastline riddled with incised valleys that acted to focus and enhance tidal flow, (3) an exceptionally large open ocean (Panthalassa) that may have increased tides globally, and (4) an oceanic trough-like basin adjacent to the tidal-prone coasts (i.e., the Appalachian Basin). Furthermore, it is worth revisiting the traditional view that Cambrian-Ordovician North America was surrounded by vast, shoal-water carbonate banks hundreds of kilometers wide (Dott and Batten 1981) , which would have damped the propagation of the tidal wave onto the Cambrian continental interior.
Few studies of tidal wave propagation onto the epicontinental shelf are based on hydrodynamic principles. Calculating bottom slope stability for an epicontinental sea, Keulegan and Krumbein (1949) concluded that the presence of tidal currents of sufficient strength to transport sand near the shores of early Paleozoic epicontinental seas was ''perhaps doubtful'' (p. 860). Irwin (1965) suggested that these epicontinental seas were too shallow to transmit significant tidal energy from the open oceans to the flooded continental interiors. These theories have seen limited development (e.g., Hallam 1981) , and the modeling of tidal wave propagation through the North American epicontinental sea remains open for study. The identification of ancient tidal systems from various areas of North America, together with paleogeographic reconstructions of the sea-floor topography and paleocoastline, should provide constraints for the modeling problem (Archer 1998) .
Our study shows that tides were indeed significant agents of sediment transport along inboard areas of the Cambrian paleocoastline. Thus, the Jordan Sandstone represents the farthest recorded propagation of the tidal wave in the North American epicontinental seas (Cambrian or Carboniferous) . This study presents evidence against the notion of tideless sedimentation in the Cambrian-Ordovician epicontinental seas of the midcontinent, leading one to question the validity of the assumption of the shallowness of these seas (Irwin 1965) . Paleo-water depth is difficult to determine from ancient deposits, but it must have been sufficiently great to allow resonance with the open ocean tides.
CONCLUSIONS
Conspicuous tidal-bundle sequences (semidiurnal or mixed) within a widespread facies of the Sunwaptan Jordan Sandstone were analyzed at one superb outcrop in the Upper Mississippi Valley. The occurrence of this facies throughout the Upper Mississippi Valley indicates that tidal currents were significant agents in the transport of sand along the far inboard shorelines of Cambrian North America. Our depositional and sequence stratigraphic model for deposition of the upper Jordan Sandstone, therefore, is as follows (Fig. 13) . Shoreface ravinement led to the development of coastal embayments that increased the tidal prism and afforded protection from wave action to the extent that: (1) nearshore deposition of suspended sediment increased, (2) tidal currents were strong enough to transport coarse sand, and (3) tidal sand dunes, such as the one responsible for the crossset measured in this study, migrated undisturbed for relatively long time intervals (e.g., 13 Cambrian months). Ravinement created the geomorphology and topography that allowed both creation and preservation of extensive sets of cross-strata generated by relatively large tidal dunes. Recognition of a widespread tidal record in the Upper Cambrian of the cratonic interior of North America and its recurrence in a specific, ravinementrelated sequence stratigraphic position strengthens our understanding of these deposits that have long been considered enigmatic.
